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The activities of iron chelators (deferoxamine, deferiprone, Apo6619, and VK28) were evaluated against type strains of Acineto-
bacter baumannii, Pseudomonas aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae, and Escherichia coli. Deferiprone,
Apo6619, and VK28 each inhibited growth in standard and RPMI tissue culture medium, while deferoxamine had no effect. Ad-
ditionally, time-kill assays revealed that VK28 had a bacteriostatic effect against S. aureus. Therefore, these newly developed iron
chelators might provide a nontraditional approach for treatment of bacterial infections.

Iron is an essential cofactor of biochemical pathways in both
prokaryotic and eukaryotic species. Numerous studies have as-

sessed the potential viability of iron chelators as therapeutic agents
against various microbes, but with only mixed success (4, 6–8,
10–17, 20, 24, 25, 27). Nevertheless, as novel iron chelators are
developed for treatment applications such as neurodegenerative
diseases (3, 9, 19) or �-thalassemia (3, 9), an evaluation of their
antimicrobial activities should be tested, because their efficacies
against bacteria may be superior to chelators previously tested. In
the case of multidrug-resistant (MDR) bacteria, where entire
classes of antibiotics are no longer treatment options (1, 21), iron
chelators that have already undergone toxicity and preclinical
testing in animals might provide an alternative treatment ap-
proach. MDR species, such as Staphylococcus aureus or Acineto-
bacter baumannii, are exceedingly difficult to treat because of nos-
ocomial spread and infections in immunocompromised patients
(1, 18, 21). The same microbes have also been responsible for
wound infections incurred by military personnel who are immu-
nocompromised after polytrauma (2, 23).

Defersirox and deferoxamine are approved by the U.S. Food
and Drug Administration (FDA) but have demonstrated limited
efficacies in combating bacterial infections (4, 6, 17). Deferox-
amine is a siderophore, a molecule secreted by bacteria to capture
iron; therefore, many bacteria challenged with deferoxamine also
harbor a receptor capable of capturing such molecules when com-
plexed to iron (4, 6, 17). Defersirox, while rationally designed to bind
iron, failed to treat fungal infections (20) and is considered toxic (11).

(Some of this work was first presented at the 51st Interscience
Conference on Antimicrobial Agents and Chemotherapy, 17 to 20
September 2011, Chicago, IL.)

In this study, we sought to assess the antibacterial effects of iron
chelators that have yet to be tested against bacteria, as well as
deferiprone, a chelator recently FDA approved for iron overload
due to blood transfusions in patients with thalassemia. Defer-
iprone has also been shown to have antibacterial properties
against certain bacterial species in vitro (4, 10). Deferiprone
(ApoL1) and Apo6619 were provided by ApoPharma, Inc., and
VAR10100 (VK28 dihydrochloride) was provided by Varinel, Inc.
Because of their iron chelation properties, both Apo6619 and
VK28 (and their derivatives) are currently being studied for treat-
ment applications (9, 19, 22, 28). Deferoxamine mesylate salt
(DFO) and 2,2=-bipyridyl (DIP) were purchased from Sigma-Al-
drich Inc. and were evaluated for comparison purposes.

Bacterial type strains considered common nosocomial infec-
tious agents were acquired from the American Type Culture Col-
lection (ATCC): A. baumannii (19606 and 17978), Pseudomonas
aeruginosa (PAO1 and 27853), S. aureus (43300 and 25923), Kleb-
siella pneumoniae (BAA-2146 and 700603), and Escherichia coli
(35718 and 43888). The MICs of DIP, DFO, ApoL1, Apo6619, and
VK28 were determined by following the microdilution method-
ology recommended by the CLSI (5) in cation-adjusted Mueller-
Hinton broth (CAMHB) against the bacteria listed above. The
MICs were also determined in RPMI 1640 tissue culture medium
(Life Technologies, Inc.), which may better represent the human host
environment, with limited amounts of cofactors such as calcium,
magnesium, zinc, and iron. Time-kill assays against S. aureus and E.
coli were performed as described by White et al. (26). An initial inoc-
ulum of�1.0�107 CFU/ml was challenged with either 1�or 2� the
MIC of VK28, and cells were grown at 37°C for 24 h. Samples were
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TABLE 1 MICs of iron chelators against ATCC type strains grown in CAMHB

Bacterial species Strain no.

MIC of iron chelator (�g/ml)

DIP DFO ApoL1 Apo6619 VK28

A. baumannii 17978 64 �512 128 256 128
A. baumannii 19606 64 �512 128 256 128
S. aureus 25923 512 �512 �512 �512 256
S. aureus 43300 256 �512 �512 �512 256
P. aeruginosa PAO1 256 �512 256 �512 �512
P. aeruginosa 27853 256 �512 �512 �512 �512
K. pneumoniae BAA-2146 256 �512 256 �512 �512
K. pneumoniae 700603 512 �512 512 �512 �512
E. coli 35718 64 �512 512 256 �512
E. coli 43888 64 �512 512 256 �512
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taken at 0, 2, 6, and 24 h, and the CFU/ml was determined via dilution
and plating with a spiral plater (Advanced Instruments, Inc.), with
each sample diluted over 3 logs onto plates containing CAMHB me-
dium and agar. Biological replicates for all tests were performed at
least three times in triplicate (technical replicates).

DFO did not affect bacterial growth in CAMHB (MIC, �512
�g/ml for all bacteria tested) (Table 1). The result was not surpris-
ing, since the compound may readily deliver iron to bacteria with
a cognate siderophore receptor. In contrast, VK28 inhibited the
growth of A. baumannii, E. coli, and S. aureus in CAMHB. Further,
both ApoL1 and Apo6619 inhibited the growth of some strains of
P. aeruginosa and K. pneumoniae, as well as E. coli and A. bauman-

nii, while no effect on S. aureus was observed (Table 1). Because
CAMHB is a rich broth with excess iron, carbon sources, and
other cofactors far exceeding the levels in the human body, RPMI
medium was chosen to evaluate the activity on the same bacterial
strains in a more restrictive medium. When challenged with the
iron chelators that showed the most promise in CAMHB, the
MICs were reduced accordingly in this cofactor-limited environ-
ment (Table 2). When evaluated in RPMI, for VK28 the MIC
improved 4- to 64-fold, and the ApoL1 and Apo6619 MICs im-
proved 2- to 4-fold (Table 2).

Previous studies with iron chelators have demonstrated a bac-
teriostatic effect on bacterial growth (10, 14, 16). We performed a

FIG 1 Time-kill studies of VK28 against Staphylococcus aureus 43300 (A) and Escherichia coli 48333 (B). The no-treatment results represent growth in the absence
of chelator. The detection limit was 1.0 � 103 CFU/ml.
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time-kill assay to see if this was also true of the iron chelators
evaluated in this study. E. coli and S. aureus were both challenged
with either 1� or 2� the determined MIC for VK28 (Fig. 1).
Growth of S. aureus was attenuated somewhat by both concentra-
tions (Fig. 1A). Additionally, VK28 proved to have a bacteriostatic
effect on E. coli at 2� the MIC (Fig. 1B). Similar bacteriostatic
effects were observed for ApoL1 and Apo6619 (data not shown).

Unlike the mild effects observed with DFO and other iron ch-
elators in previous studies (4, 9), VK28, ApoL1, and Apo6619 had
pronounced effects on the growth of nosocomial bacteria. The
outcomes observed could be related to the rational design of these
iron chelators. For example, VK28 includes a piperazine ring that
enhances polarity to cross the blood-brain barrier for the treat-
ment of neurodegenerative disease (19, 28). It is possible that this
polarity may also allow the chelator to cross certain bacterial
membranes. ApoL1, in contrast, is a very small, neutral molecule,
and these properties are known to facilitate its passage across host
cell membranes and perhaps bacterial membranes as well. There-
fore, in each case, the free iron might be chelated both inside and
outside the bacteria, explaining the enhanced efficacy. Continued
studies on these molecules, including combinatorial therapies
with conventional antibiotics and animal modeling, will attempt
to uncover the mechanisms by which these iron chelators provide
a potent antimicrobial effect.

ACKNOWLEDGMENTS

We thank Michael Spino and John Connelly from ApoPharma, Inc., and
Vincent R. Zurawski, Jr., from Varinel, Inc., for helpful discussions and
critical reading of the manuscript.

The findings and opinions expressed herein belong to the authors and
do not necessarily reflect the official views of the WRAIR, the U.S. Army,
or the Department of Defense.

REFERENCES
1. Boucher HW, et al. 2009. Bad bugs, no drugs: no ESKAPE! An update

from the Infectious Diseases Society of America. Clin. Infect. Dis. 48:1–12.
2. Brown TS, Hawksworth JS, Sheppard FR, Tadaki DK, Elster E. 2011.

Inflammatory response is associated with critical colonization in combat
wounds. Surg. Infect. 12:351–357.

3. Chakrabarty P, et al. 2011. Iron chelation therapy and thalassemia: an
overview. Mymensingh Med. J. 20:513–519.

4. Chan GC, Chan S, Ho PL, Ha SY. 2009. Effects of chelators (deferox-
amine, deferiprone and deferasirox) on the growth of Klebsiella pneu-
moniae and Aeromonas hydrophila isolated from transfusion-dependent
thalassemia patients. Hemoglobin 33:352–360.

5. CLSI. 2009. Performance standards for antimicrobial susceptibility test-
ing; 19th informational supplement, p 152. Clinical and Laboratory Stan-
dards Institute, Wayne, PA.

6. Collins HL, Kaufmann SH, Schaible UE. 2002. Iron chelation via defer-
oxamine exacerbates experimental salmonellosis via inhibition of the nic-
otinamide adenine dinucleotide phosphate oxidase-dependent respira-
tory burst. J. Immunol. 168:3458 –3463.

7. Debebe Z, et al. 2011. Iron chelators of the di-2-pyridylketone thiosemi-
carbazone and 2-benzoylpyridine thiosemicarbazone series inhibit HIV-1
transcription: identification of novel cellular targets—iron, cyclin-
dependent kinase (CDK) 2, and CDK9. Mol. Pharmacol. 79:185–196.

8. Fernandes SS, et al. 2010. Identification of a new hexadentate iron chela-
tor capable of restricting the intramacrophagic growth of Mycobacterium
avium. Microbes Infect. 12:287–294.

9. Heli H, Mirtorabi S, Karimian K. 2011. Advances in iron chelation: an
update. Expert Opin. Ther. Pat. 21:819 – 856.

10. Kim CM, Shin SH. 2009. Effect of iron-chelator deferiprone on the in
vitro growth of staphylococci. J. Korean Med. Sci. 24:289 –295.

11. Kontoghiorghes GJ. 2011. A record of 1320 suspect, deferasirox-related,
patient deaths reported in 2009: insufficient toxicity testing, low efficacy
and lack of transparency may endanger the lives of iron loaded patients.
Hemoglobin 35:301–311.

12. Lewis RE, et al. 2011. Activity of deferasirox in Mucorales: influences of
species and exogenous iron. Antimicrob. Agents Chemother. 55:411– 413.

13. Loyevsky M, et al. 1999. Chelation of iron within the erythrocytic Plasmodium
falciparum parasite by iron chelators. Mol. Biochem. Parasitol. 101:43–59.

14. Neupane GP, Kim DM. 2010. In vitro time-kill activities of ciprofloxacin
alone and in combination with the iron chelator deferasirox against Vibrio
vulnificus. Eur. J. Clin. Microbiol. Infect. Dis. 29:407– 410.

15. Nunes A, et al. 2010. Fluorescent 3-hydroxy-4-pyridinone hexadentate
iron chelators: intracellular distribution and the relevance to antimyco-
bacterial properties J. Biol. Inorg. Chem. 15:861– 877.

16. Qiu DH, Huang ZL, Zhou T, Shen C, Hider RC. 2011. In vitro inhibition
of bacterial growth by iron chelators. FEMS Microbiol. Lett. 314:107–111.

17. Reyes HM, Tingle EJ, Fenves AZ, Spiegel J, Burton EC. 2008. Pulmonary
invasive mucormycosis in a patient with secondary iron overload following
deferoxamine therapy. Proc. (Bayl. Univ. Med. Cent.). 21:378–381.

18. Sandiumenge A, Rello J. 2012. Ventilator-associated pneumonia caused
by ESKAPE organisms: cause, clinical features, and management. Curr.
Opin. Pulm. Med. 18:187–193.

19. Shachar DB, Kahana N, Kampel V, Warshawsky A, Youdim MB. 2004.
Neuroprotection by a novel brain permeable iron chelator, VK-28, against
6-hydroxydopamine lesion in rats. Neuropharmacology 46:254 –263.

20. Soummer A, et al. 2008. Failure of deferasirox, an iron chelator agent,
combined with antifungals in a case of severe zygomycosis. Antimicrob.
Agents Chemother. 52:1585–1586.

21. Spellberg B, et al. 2008. The epidemic of antibiotic-resistant infections: a
call to action for the medical community from the Infectious Diseases
Society of America. Clin. Infect. Dis. 46:155–164.

22. Tam TF, et al. February 2011. Process for the manufacture of 3-hydroxy-
n-alkyl-1-cycloalky1-6-alkyl-4-oxo-1,4-dihydropyridine-2-carboxamide
and its related analogues. Apotex, Inc. US patent 7,893,269.

23. Tribble DR, et al. 2011. Infection-associated clinical outcomes in hospi-
talized medical evacuees after traumatic injury: trauma infectious disease
outcome study. J. Trauma 71:S33–S42.

24. van Asbeck BS, et al. 2001. Anti-HIV effect of iron chelators: different
mechanisms involved. J. Clin. Virol. 20:141–147.

25. Walcourt A, Loyevsky M, Lovejoy DB, Gordeuk VR, Richardson DR.
2004. Novel aroylhydrazone and thiosemicarbazone iron chelators with
anti-malarial activity against chloroquine-resistant and -sensitive para-
sites. Int. J. Biochem. Cell Biol. 36:401– 407.

26. White RL, Burgess DS, Manduru M, Bosso JA. 1996. Comparison of
three different in vitro methods of detecting synergy: time-kill, checker-
board, and E test. Antimicrob. Agents Chemother. 40:1914 –1918.

27. Zarember KA, Cruz AR, Huang CY, Gallin JI. 2009. Antifungal activities
of natural and synthetic iron chelators alone and in combination with
azole and polyene antibiotics against Aspergillus fumigatus. Antimicrob.
Agents Chemother. 53:2654 –2656.

28. Zheng H, Gal S, Weiner LM, Bar-Am Warshawsky OA, Fridkin M,
Youdim MB. 2005. Novel multifunctional neuroprotective iron chelator-
monoamine oxidase inhibitor drugs for neurodegenerative diseases: in
vitro studies on antioxidant activity, prevention of lipid peroxide forma-
tion and monoamine oxidase inhibition. J. Neurochem. 95:68 –78.

TABLE 2 MICs of iron chelators against ATCC type strains grown in
RPMI 1640 medium

Bacterial species Strain no.

MIC of iron chelator (�g/ml)

DIP DFO ApoL1 Apo6619 VK28

A. baumannii 17978 32 �512 64 64 32
A. baumannii 19606 32 �512 128 128 8
S. aureus 25923 NAa NA NA NA 32
S. aureus 43300 NA NA NA NA 16
P. aeruginosa PAO1 256 �512 128 512 16
P. aeruginosa 27853 256 �512 512 �512 16
K. pneumoniae BAA-2146 128 �512 256 512 16
K. pneumoniae 700603 256 �512 256 512 16
E. coli 35718 64 �512 512 256 32
E. coli 43888 64 �512 256 256 8
a NA, not attempted.
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